Highly additized low viscous lubricants, new coatings, and surface treatments have been employed by original equipment manufacturers in several tribosystems to reduce emission and fuel consumption. In this sense, this work investigates the tribological response of four different advanced fully formulated gear oils and three different materials (coatings and topography) in terms of friction and wear using a ball-on-disc test rig under pure unidirectional sliding condition and boundary lubrication. The tested lubricants had different base oils: mineral, semi-synthetic, and synthetic with different additive packages. The ball's material was AISI 52100 bearing steel and the bulk material of the tested specimens (discs) were SAE 4320 steel with surface as follows: (i) ground; (ii) subjected to ceramic shot peening (CSP) and, (iii) coated with WC/C. Optical and scanning electron microscopy and 3D profilometry were used to evaluate the wear track and tribofilm formation. It was found that the frictional dependence on the surface topography and lubricant type is not significant, whilst the wear mechanisms were highly dependent on material and surface conditioning. The harder and rougher the contact body, the higher the wear produced in the counter body. At the harsher conditions base oil type control wear more effectively than the additive package.
Introduction
Controlling and reducing friction and wear is one major challenge in our attempts to reach a sustainable society with low energy consumption and reduced environmental climate change effects. One-third of the fuel's chemical energy is used to overcome friction in the engine, transmission, tires, and brakes, both for passenger cars, 1 trucks, and buses. 2 Governments throughout the world have responded to these demands by imposing stringent environmental regulations on the original equipment manufacturers (OEMs) for emissions control and fuel economy.
An understanding of the friction mechanisms and wear using different lubricants and materials can be critical to improve efficiency and reduce costs in a mechanical component. It has been shown that predicting these interactions between additives and surfaces is not simple, and it strongly depends on the nature of the tribosystem. 3 Additive selection depends on the requirements for a particular tribological system. In gear oils, for instance, performance criteria include factors to ensure that gears have the capability to withstand the prescribed loads and continued ability to transmit power. 4 Additionally, the adequate choice of additive depends on the specific lubrication regime (see Figure 1) : for boundary lubrication conditions (mostly at high loads), extreme pressure additives (EP) are more effective; anti-wear (AW) and friction modifiers (FM) are more efficient in the mixed lubrication regime; and finally, viscosity improver additives (VII) are more effective at the full film lubrication regime.
From studies of full gearboxes 5 it was shown that combining oil formulation and gear microgeometry (i.e. topography) can promote increments in efficiency up to 1%. These studies comprised mostly full-film elastohydrodynamic (EHD) lubrication regimes. It has been suggested that the base oil is at least as important as the additives regarding its influence on the traction behavior of the oil, showing that ester and polyalphaolefin (PAO) oils systematically induce a lower coefficient of friction than the mineral oils. 6 A comparative overview of five gear oils in mixed and boundary lubrication 7 showed that slide-to-roll ratio (SRR) is of little importance, and that the base oil is more important for friction in full film lubrication conditions, while the role of additives becomes predominant in boundary film lubrication. The role of surface geometry under boundary lubrication regime was properly shown by Cousseau et al., 8 which showed that formation of tribofilm with low friction properties were dependent on the sliding direction of anisotropic surfaces. This occurs because the tangential stress direction affects summits deformation due to asperity asymmetry. To obtain a good antiwear performance, the rate of film formation must be higher than the rate of scraping the films. 9 Figure 1 presents a schematic Stribeck curve highlighting the additives zones of action. Under severe rubbing conditions (boundary lubrication -high load, low speed, and rougher surfaces), friction modifier and anti-wear additives lose their effectiveness giving space to EP additives; at this point the rate of AW tribofilm removal is higher or equal to the rate of the tribofilm formation. 9, 10 Based on the little influence of SRR for boundary lubrication, 7 on the importance of synergistic interactions between additives for a specific tribocouple, 3 and on continuous advances of researches on efficiency, 3 this work investigates the tribological response (friction and wear) of four different fully formulated gear oils tested in three different standard gear surface conditions (coatings and topography) using a ball-on-disc test rig under pure unidirectional sliding and boundary lubrication conditions.
Materials and experimental procedure

Experimental details
Friction and wear tests were conducted using a TE-67 Plint & Partners LTD tribometer with a ball-on-disc unidirectional arrangement. Figure 2 shows a schematic view of the contact. The disc rotation was maintained low enough to avoid oil leakage due to centrifugal effect. The tested operating conditions are summarized in Table 1 . All the tests were performed three times.
Surface topography was analyzed using a confocal microscopy Leika DCM3D and a CCI optical profiling system Taylor Hobson. Analyses of the worn surfaces were carried out using a scanning electron microscope (SEM) Jeol JSM -6010LA and an optical microscope NIKON SMZ800.
Ball and disc specimens
The balls used in this study were made of AISI 52100 bearing steel with rms roughness (Sq) of 0.005AE 0.001 lm, hardness of 7.36 AE 0.1 GPa, and diameter of 10 mm. The disc specimens were made of AISI 4320 steel with the same thermochemical treatment of commercial gears. Different surface treatments were applied to these discs resulting in the surfaces shown in Figure 3 , where: (a) ground, (b) ceramic shot peened (CSP), and (c) coated with WC/C. The WC/C is a commercial W-containing DLC coating using physical vapor deposition (PVD). This coating consists of multilayer structure composed of carbide-doped hydrogen and hydrogenated DLC lamellae.
The ceramic shot peening process and WC/C coating were both performed on the discs after the grinding process. The measured thickness of the WC/ C coating was approximately 2 lm. No significant differences between the ground and WC/C coated surface topography were observed: both specimens presented a Sq of 0.8 AE 0.1 lm (filtered according to ISO 4287) 1 while the CSP discs presented Sq of 2.5 lm AE 0.2 lm.
Instrumented indentations with 3 mN of normal load were carried out at the surface of the steel discs. The discs coated with WC/C presented the highest hardness with 10.03 AE 0.2 GPa followed by 9.47 AE 0.3 of discs subjected to the shot peening process and 8.55 AE 0.4 GPa the ground ones.
Lubricants
The lubricants used in this study were commercial gear oils: two synthetics (S1 and S2), one semi-synthetic (SS1) and one mineral (M1). The properties of these oils including their API GL service designation, SAE viscosity grades and X-ray spectroscopy (XRS) are listed in Table 2 . Kinematic viscosity values were measured according ASTM D445.
Results
FTIR lubricant analysis
The results obtained from FTIR, presented in Figure 4 (a), indicate differences among the selected lubricants. S2 oil presented three distinct peaks (highlighted in the figure) in relation to the other lubricants:
A peak at $1730 cm À1 , likely related to carbonyl (C¼O) of ester group 12 often used in as anti-wear (AW) additives; A peak at $1160 cm À1 which is usually related to viscosity improvers; 12 A region around 971 cm À1 of the P-O-(C) bond 13 (also observed at the S1 oil spectrum).
Moreover, Figure 4 (b) provides the FTIR spectra of a synthetic base oil and a synthetic base oil with zinc dialkyldithiophosphate (ZDDP) anti-wear additive (AW), used only for comparison purposes. The main difference between these two spectra is the peak at $971 cm À1 , attributed to the Zn AW additive. Since this peak was also observed in the spectra of the S1 and S2 oils (Figure 4 (a)), it confirms the presence of the same AW additives in these oils. Hence, it is worth noticing that the studied synthetic oils are more additized than the mineral and semi-synthetic ones. 
Friction and wear
Tests on ground discs. All the measured friction values showed three different regions (displayed in Figure 5 ): at the first one the COF value is zero (no normal load applied); the second one is related to the application of the load and corresponds to an increase in the friction coefficient (COF); and the third one is called as stationary region, in which the COF remains nearly constant. From now on all the friction values presented are the average COF values in the stationary region (after 200 s). Notice that all tests were performed under boundary lubrication regime, with specific film thickness at the beginning of the test lower than one (Ã<<1). Figure 6 (a) and (b) presents, respectively, a comparison of the different oils tested under two normal loads in terms of friction coefficient and wear. The wear was calculated as the volume removed from the balls after test, since the discs were barely worn out. The equation presented in Figure 6 (b) was used, where ''a'' is the radius of the worn surface, which was obtained from SEM images (see Figure 7) , and ''r ¼ 5 mm'' is the radius of the sphere. In terms of wear, no differences were observed whatever is the load applied or the tested lubricant, while slight differences were observed in terms of friction. The highest friction values were obtained with the synthetic lubricants (S1 and S2) and the lower ones with the mineral and semi-synthetic lubricants during the low load test (50 N). At the higher load test (100 N), all the lubricants presented similar friction values. It is also observed a slight reduction of friction coefficient with the increase of normal load for the synthetic oils S1 and S2, but not for the mineral M1 and semi-synthetic SS1 ones.
The highest friction values of the synthetic lubricants were obtained at 50 N load, and they are most likely related to the formation of ZDDP tribofilm (presented only in the synthetic lubricants), since the ZDDP is known to increase the friction coefficient. 14, 15 The reason for the decrease in the friction coefficient of synthetic oils with the load increase was not identified and a detailed study is needed, once opposite results were found in other works. 16, 17 It is worth mentioning that the synthetic oils studied contain dispersants and detergents, which might change the tribological response of the ZDDP films, by reducing its adherence to the surface, as shown by Spikes et al. the test performed with 100 N. As can be seen, oxidative wear was present not only on the worn ball's surface, but also on the asperities of the discs. Energy-dispersive X-ray spectroscopic (EDS) analysis (Figure 8 ) confirmed the presence of Zn and P on the ball's surface tested with the lubricants with a zincbased AW additives (S1 and S2), and only S and P on the surfaces tested with M1 and SS2 lubricants, as expected. However, only O and S elements were found on the wear track on all discs ( Figure 9 ). The formation of some tribochemical films requires oxide removal during the rubbing process, 8 which in this case occurred only in the softest material (balls). This explains the absence of Zn from ZDDP tribofilm on the discs' surface and its presence on the ball's surface.
Shot peening disc tests. Figure 10 presents friction coefficient and wear of the tests performed with discs subjected to ceramic shot peening (CSP). It is worth pointing out that the discs with CSP are harder and rougher than the ground ones. Different from the behavior observed with the ground discs, here all the friction values were slightly lower during the test with the higher load (100 N), and the volume removed (Figure 10(b) ) was approximately 150% higher for the synthetic oils S1 and S2, while it remained nearly constant for the mineral M1 and semi-synthetic SS1 oils.
The morphological aspects of the worn ball's surface are shown in Figure 11 . It is observed some shallow pits in all of the images. Their 3D topographies, shown in Figure 12 , indicate pit depths of approximately 1.5 mm (S1) and 3 mm (SS1). For tests using synthetic (S1 and S2) and mineral oils (M1) shallow pits seem to be more aligned along the sliding direction while, for the M1 and SS1, a ''half-moonlike'' morphology is observed. These results agree with Jahanmir, 19 which suggested that the pits were generated from wear particles removed by delamination of the surface layer.
EDS analysis (Figure 13 ) of the CSP discs surface revealed residual ceramic particles remaining on the surface. These particles are harder than the substrate and contribute to the increase in roughness of the discs as presented in the section ''Ball and disc specimens''. A rougher and harder surface promotes severe plastic deformation and material removal on the balls surface as observed in Figure 11 . This justifies the wear of the balls tested with CSP discs to be higher than the ones tested with ground discs.
The synthetic lubricants presented a worse performance than the mineral and semi-synthetic ones. This might be related to the significant increase on the contact severity. According to Lin et al., 9 ,10 a good antiwear performance occurs when the rate of tribofilm removal is lower or equal to the rate of the tribofilm formation. The kinetics of formation and removal of ZDDP tribofilm depends on some essential factors, including the oil temperature, contact pressure and the surface roughness and hardness of rubbing elements. Therefore, the roughness and hardness of CSP discs increased the balls wear rate in such a way that the ZDDP tribofilm is rapidly removed during the rubbing process impairing its performance. In this case, the base oil also plays a role, being the mineral one a better anti wear agent that the synthetic.
The higher material removal of the synthetic oils is clearly observed in Figure 14 where the severe plastic deformation on the outer edge of the scar is highlighted and compared to a worn ball tested with the semi synthetic oil.
WC/C coating tests. Results of friction and wear for the tests performed with coated discs are shown in Figure 15 (a) and (b), respectively. COF values did not present significant difference among oils, except for SS1, which showed a slight decrease with the increase of the load. Only slight differences were observed in terms of wear, with a maximum difference of 10% among M1 and SS1 lubricants at the tests performed with 50 N. Different from the EDS analysis performed at the ground and CSP discs, the coated ones ( Figure 16 ) presented only S on the ball's surface, not presenting therefore Zn, P, and Ca. The lack of ZDDP on the worn surface might be related to the rate of tribofilm formation and removal, plus the lower supply of iron oxides in the tribosystem, which is known to compose the ZDDP tribofilm. 20 More studies need to be carried out to find the best Figure 13 . EDS (secondary electrons) map in disc subjected to ceramic shot peening (CSP) and lubricated with the S1 oil. relationship between the type of coating and the lubricant. As shown by Podgornik, 21 W-doped DLC are more sensitive to the presence of EP additives than nondoped DLC, and that the increase in EP concentration leads to a lower friction and wear of the steel/ W-DLC combination due to WS-type tribofilm formation. Therefore, it is likely that the concentration of EP additives of commercial gear oils currently may be deficient for WC/C coating applications. The surface morphology of the worn balls ( Figure 17) showed similar aspects, indicating that most likely there was not significant interaction between lubricant and coating.
Discussion
In lubricated sliding tests where the specific film thickness is Ã<<1 and the plasticity index >>1, the friction component due to viscous dissipation could be assumed negligible, and the friction component due to adhesion, which is minor due to lubrication, does not depend on the surface roughness or texturing. This occurs because: (i) at very low specific film thickness (Ã << 1), where the Patir and Cheng 22 formulation does not apply, the friction mechanisms are governed by the contacting asperities coated by some oxide tribolayer due to insufficient oil in between the matching surfaces; (ii) at >> 1 most, if not all of the contacting surface will undergo plastic deformation whatever the surface roughness or texturing is. Therefore, the contact area to be plastically deformed will depend on the material hardness (F/H¼A) in order to support the load applied. 8 In these cases, the ploughing component has been identified as a major mechanism of friction and wear, although friction variation is minor. 23 This mechanism depends primarily on the roughness geometry of the harder material, more specifically to the second , which represents the mean asperity slope. 24 Therefore, friction and wear are expected to be controlled by the surface characteristics of the discs (hardness and ). It is important to point out that surface texturing (isotropic or anisotropic) play a major role as shown in Cousseau et al. 8 and Menezes et al. 23 However, in the present work, the effect of the texturing on friction and wear cannot be directly applied because the rotation of the disc leads to a random contact distribution whatever is the surface texturing. Figure 18 summarizes the wear and friction values of all the tests performed for a better global analysis. Wear analysis shows that the volume removed from the tested balls reached the highest values during the tests performed with CSP discs and the lowest ones with the ground ones (RT discs), while the wear values corresponding to the tests with WC/C discs are in between the ones performed with CSP and RT discs. This observation is in fully agreement with the contact mechanic theories, in which the highest wear occurred in the tests performed with the harder material with the higher asperity slope (CSP disc). 25 In case of similar slope values (RT and WC/C), the harder material generates higher wear (WC/C). Beside the good agreement, the wear of the tests performed with S1 and S2 oils with CSP discs and 100 N is much higher than the other ones. This suggests that the severity of this test changed the chemistry and / or the kinetics of the tribofilm formation / removal process.
Friction analysis shows that the friction values present only slight differences among all the tests performed, being the maximum difference, among RT S2 100N and CSP M1 50N, of only ten percent. The randomness of the friction values suggests that the composition and / or the kinetics of the tribofilm formation / removal process, which depends on the synergy among the lubricant and surface properties, are dominant over the surface properties (hardness and roughness). The hardness and topography that showed to be relevant in wear show less influence in friction, which may be due to the kinetic and nature of tribofilm formation.
Conclusions
This work investigated the tribological response of four advanced fully formulated gear oils (two synthetics, one mineral and one semi-synthetic) and three different materials (ground, subjected to ceramic shot peening and coated with WC/C) in terms of friction and wear using a ball-on-disc test machine under pure sliding condition and boundary lubrication.
This investigation showed that the current additive package gearboxes (mainly antiwear) works in different ways during the lubricated sliding contact. Properties of both rubbing surfaces were determinant on the formation and effectivity of tribofilms. Coatings and surface treatments need to be tested together with additives, in a way that synergistic interactions between additives and specific tribocouple can be explored.
For the tested conditions, the hardness and roughness of the harder body determined the surface wear; while the oil type and additive package protected the tested samples similarly. However, both synthetics oils (S1 and S2) were not able to offer such protection during the tests performed with the harsher conditions, i.e. CSP discs with 100 N load.
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